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The system of mixed lipid-protein plays a significant role in many industrial and
biomedical processes. For example, protein with lipid tends to accumulate at
the air-water or oil-water interface in many foods where they serve to stabilize
foams or emulsions. In living systems, they jointly compose biomembrane to
separate one microenvironment from others. Various biological functions such as
metabolism, message transmission, energy conversion are accomplished by means
of the biomembrane. Phospholipids are the main lipids of biological membranes
which are composed of assemblies of diverse sets of molecules such as lipids, sterols
and proteins. Phosphatidylcholine is the most abundant phospholipid class, which
is comprising 80% of the phospholipid fraction. The single disaturated phospho-
lipid 1,2-dipalmitoyl-sn-glycero-3-Phosphatidylcholine(DPPC) accounts for about
one-third or slightly more of total lung surfactant phospholipid.
About the effect of DPPC on the freezing of water, there are some open ques-
tions. In first, the amount of water that remains unfrozen during freezing of phos-
pholipid vesicles is questionable. Previous studies are mostly focused on the lipid
bilayer vesicles or multilamellar vesicles of DPPC. The freezing of water in DPPC
vii
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vesicles is considered as the bulk water freezing, not the micro-sized water droplets.
The thermodynamic mechanism of water freezing in DPPC vesicles is not clear,
yet. Is it homogeneous nucleation or heterogeneous nucleation? Therefore, it is
of great importance to examine the effect of DPPC on the freezing of micro-sized
water droplets.
The ice nucleation inhibition due to the additions of antifreeze proteins (AFPs)
is explained as following: during the ice nucleation in presence of antifreeze pro-
teins, antifreeze proteins will adsorb onto both the surfaces of ice nuclei and dust
particles. This adsorption leads to an increase of the ice nucleation barrier and the
desolvation kink kinetics barrier, respectively. Therefore the ice nucleation is in-
hibited by antifreeze proteins. Does other additional molecules affect the antifreeze
activity of AFPs? In order to answer this question, for example, we add DPPC to
the solution of AFPs to study the role of interaction between DPCC and AFPs in
the antifreeze activity of AFPs.
Using the ”micro-sized ice nucleation method” and based on the heterogeneous
nucleation theory, the inhibition effect of DPPC on ice crystallization were exam-
ined in quantitative manner. It was found that DPPC can inhibit the ice nucleation
process by adsorbing onto both the surfaces of the ice nuclei and the dust parti-
cles. The adsorption of DPPC on foreign particles will disturb the structural match
between the nucleating ice and the dust particles, whereas the adsorption on the
surface of the growing ice will inhibit the integration of water molecules into the ice
lattice. These two effects can be identified from the increase of the ice nucleation
barrier and the desolvation kinetics barrier.
The additives of DPPC into AFP I/III solutions will depress the antifreeze activ-
ity of AFP I/III. This is explained by that DPPC molecule as a template enhances
the structural match between AFPs molecule and the nucleating ice. Therefore it
changes the interfacial correlations and lowers the ice nucleation barriers. DPPC
Summary ix
molecule may adsorb on the surface of growing ice nuclei and lead to an increase
of the desolvation kink barrier. Because the interfacial effect is so dominant that
it surpasses the increase of the kink kinetics barrier, and results in the observed
promotion effect of DPPC on the ice nucleation with AFP I/III.
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1.1.1 Introduction to Antifreeze Proteins
Freezing is always lethal to living organisms. However, due to some special proteins,
the so-called Antifreeze Proteins (AFPs), some fishes are found that they can
resist freezing in cold water . Unique antifreeze proteins (AFP) have evolved
in various marine organisms that enable them to survive in temperatures as low
as -1.9◦C [Wen and Laursen, 1992]. The freezing temperature of most fish is -
0.7◦C [Hew and Yang, 1992]. AFP’s have also been found in other organisms,
such as plants and insects [Hays et al., 1996].
There are two basic kinds of antifreeze molecules: antifreeze glycoproteins
(AFGPs) and antifreeze proteins. They are isolated from fish and characterized
in detail (Table 1.1) [Davies and Hew, 1990, Ewart et al., 1999]. The difference
in these two categories lies with their structures. AFGPs are found in Antarctic
1
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Properties AFGP AFP I AFP II AFP III AFP IV
Heterogeneity Polymer/ Subtypes Subtypes Isoforms/
lengths repetitive/ Ca2+-independent/ (pls:6-10)
nonrepetitive Ca2+-dependent Dimer
Mt 2.7-32 kDa 3-5 kDa 14-24 kDa 7 kDa 12.3 kDa
Amino acid bias >60% Ala >60% Ala 8% cysteine 17% Gin
>30% Thr
Secondary structure Polyproline/ 100% α-helix Mixed. coil Noncanonical Mostly/
II helix ? at 0◦C short β-strands α-helix
Tertiary structure Extended Single/ Globular C-type/ Globular with Four-helix/
α-helix lectin fold some flat surfaces bundle
Ice-binding face close to 1010 2021/2110 1121/NA close to 1010 NA
Table 1.1: Physical properties of fish antifreeze proteins.
Notothenioidei teleost and northern cods. AFGPs consist of a repeated glycopep-
tide, Ala-Ala-Thr-galactosyl-N-acetyl galactosamine [Hays et al., 1996]. The ter-
tiary structure for AFGPs is a left-handed α-helix. To date, AFPs are further
subdivided into four types. Type I AFPs are found in righteye flounder (Pleu-
ronectidae) and in shorthorn sculpin (Myoxocephalus scorpius). Type I AFP is an
alanine-rich, α-helix, that is 3.3-4.5 kDa in size. Type II AFP is cysteine-rich with
a β-sheet and five disulfide bridges that is 11.3-24 kDa long. Type III AFP is unlike
the first two types of AFPs in that it is not alanine or cysteine-rich. Type-III AFPs
are compact-stranded structures [Davies and Hew, 1990] found in ocean pout and
wolffishes. It is 6.5 kDa long [Wen and Laursen, 1992]. Type IV AFPs are isolated
from the longhorn sculpin (Myoxocephalus octodecimspinosus). This glycine-rich
AFP has a molecular mass of 12 kDa and considerable helical conformation in the
molecule [Deng et al., 1997].
The structures of AFPs can vary between organisms and do not necessarily
include regularly spaced Thr as in the type I AFP (Figure 1.1). The type II fish
AFP of the sea raven has been shown to have the fold of the Ca2+-dependent lectin
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family [Gronwald et al., 1998], whereas the eel pout type III AFP structure has a
unique fold consisting of small β-sheets [Sonnichsen et al., 1996, Jia et al., 1996].
Neither have an intuitively repetitive arrangement of side chains that could match
the spacing of an ice lattice. The recently determined insect AFPs from the spruce
budworm [Graether et al., 2000] and Tenebrio molitor [Liou et al., 2000] both have
β-helical fold and, similar to the type I AFP, these proteins have a regular repetition
of Thr residues. With the insect AFPs, there are two ranks of Thr, which may
allow the protein to bind to two different planes of ice [Graether et al., 2000].
Figure 1.1: (a) Winter flounder type I AFP structure. The wild-type protein is
shown, with the location of the mutated residues shown in a blue (Ala17) or yellow
(Thr13/Thr24) stick representation. (b) The known structures of several AFPs.
The principal function of AFPs in fish is to lower the freezing temperature
of their blood and extracellular fluids, thus providing protection from freezing in
ice-laden marine waters. The freezing points of seawater (-1.8◦C approx.) and
the plasma of six teleost (bony fish) species of Atlantic Canada are compared in
Figure 1.2 [Fletcher et al., 1999]. Experiments show that fishes with no antifreeze
protein freeze at temperatures higher than -1.8◦C, whereas species that produce
AFPs are able to survive in low-temperature seawater because of their high plasma
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Figure 1.2: Antifreeze significantly increases the plasma freezing point of Atlantic fishes.
The freezing point of seawater (approx. -1.8◦C) compared with the plasma-freezing points
of six teleost species of Atlantic Canada. Plasma-freezing points closely approximate to
the whole fish freezing point or lethal temperature. Hatched bars represent enhancement
of freeze protection due to antifreeze production.
antifreeze levels. The applications of AFPs and AFP genes cover the following
areas: [Fletcher et al., 1999]
• protection of fish and plants against cold and freezing temperatures;
• cold protection of mammalian cells, tissues, and organs;
• enhanced tumor cell destruction during cryosurgery;
• longer shelf life for and better quality of frozen foods; and
• improved growth characteristics in transgenic fish by using AFP gene pro-
moters.
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1.1.2 Antifreeze Mechanism of Antifreeze Proteins
The antifreeze proteins (AFPs) is also known as thermal hysteresis proteins, which
prevent the formation of macroscopic ice crystals. The inhibition of ice growth
is believed to occur by the Kelvin effect [Raymond and DeVries, 1977]. The pre-
vailing theory on how the phenomenon of thermal hysteresis of AFPs arises is the
so-called adsorption inhibition mechanism [Raymond and DeVries, 1977]. Accord-
ing to this model, the antifreeze proteins adsorb irreversibly onto the ice surface
and restrict the ice to grow as convex ice fronts between the adsorbed antifreeze
proteins. The displacement of ice growth to a lower temperature is attributed to
the resulting high surface-volume ratio at the interface. Wilson [Wilson, 1993]
estimated hysteresis activity as a function of adsorbant spacing based on this
concept. This adsorption inhibition mechanism is also believed to apply to all
AFPs [Yeh and Feeney, 1996, Davies and Sykes, 1997, Ewart et al., 1999]. Apart
from this adsorption inhibition mechanism, several alternative models have been
proposed [Li and Luo, 1993, Li and Luo, 1994, Hall and Lips, 1999] in last decades.
The fundamental differences between the adsorption-inhibition model and the al-
ternative models is that the former explains the phenomenon by changes in the
surface structure of the crystal resulting in ice-water energy equality within the
hysteresis gap, whereas the latter ones explain the phenomenon from changes in
the ice-water interfacial tension not involving such ice-water energy equality. The
alternative models almost exclusively involve an equilibrium exchange of the an-
tifreeze proteins with the ice surface. These alternative models are based on a
change in the ice-water interfacial tension [Burcham et al., 1986, Chao et al., 1996,
Li and Luo, 1993, Li and Luo, 1994, Hall and Lips, 1999, Li and Luo, 2000], and
do not contain any compensation for the temperature-dependent energy-discrepancy
between ice and water within the hysteresis gap, and assume that [Burcham et al., 1986,
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Li and Luo, 1993, Li and Luo, 1994, Hall and Lips, 1999] there is a dynamic ex-
change of antifreeze proteins between an ice crystal plane and the surrounding
solution at all temperatures within the hysteresis gap.
Before we overview the adsorption inhibition mechanism, we will describe the
definition of freezing point, thermal hysteresis, antifreeze activity and ice growth
inhibition.
Thermal Hysteresis and Ice Growth Inhibition
The freezing point of a solution at fixed pressure is the temperature at which
the liquid and solid phases have the same Gibbs free energy. If the solution is in
thermal equilibrium, then by definition the freezing point of the solution is exactly
the same as the melting point of the solid phase. Freezing point depression is
a thermodynamic phenomenon, lowering the freezing temperature by an amount
proportional to the molar concentration of the solute molecule or of the segments
of a polymer in solution [Atkins, 1995]. Freezing point depression (in addition
to boiling point elevation, osmotic pressure, and solvent vapour pressure) is an
example of a colligative property of the solution, namely a property that depends
on the mole fraction of solute particles present but not on the molecular mass
or chemical properties of those particles. As a thermodynamic phenomenon, this
effect will depress the melting point of the solution by the same amount. Common
antifreezes, such as ethylene glycol, also act thermodynamically. In contrast, the
proteins and glycoproteins kinetically depress the freezing point of a solution on a
molal basis 300-500 times more than equilibrium colligative effects predict.
The Kelvin effect results in a nonequilibrium depression of the freezing point
below the melting point and is known as thermal hysteresis. Namely, thermal
hysteresis is defined to be the difference between: (a) the equilibrium melting point
and (b) the ice growth temperature, the temperature at which seed ice crystals will
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Figure 1.3: (A) Illustration of the phenomenon of thermal hysteresis as expressed
in diluted samples of body fluid from polar fish. (B, C) Hysteresis activity as a
function of concentration of antifreeze proteins: (B) antifreeze proteins: (•) type
I from winter flounder, (©) recombinant type II from Sea Raven, and (H) syn-
thetic type III. (C) Antifreeze glycoproteins, (•) 7900 Da, (©) 10,500 Da, (H) 28,800
Da. [Kristiansen and Zachariassen, 2005]
Figure 1.4: Freezing points of solutions of sodium chloride, galactose, lysozyme, and
glycoproteins 3, 4, and 5. A l-mosM solution has a freezing point of -0.00186◦C. FPDG,
freezing point-depressing glycoprotein. [DeVries et al., 1970]
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grow in the solution. In pure water, this difference is zero: any ice crystal seed in-
serted into the solution at any temperature below 0◦C will grow; the rate of growth
is determined by the temperature. To measure the amount of thermal hysteresis
of a particular AFP, the temperature of a solution of AFP is first manipulated
until a single ice crystal is present. The sample is heated, and the temperature at
which the crystal melts is taken as the melting point. Subsequently, the sample is
cooled until the crystal begins to grow rapidly, and this temperature is noted as the
nonequilibrium freezing point. The temperature interval of ice growth inhibition is
referred to as the hysteresis gap, and the quantitative difference between the melt-
ing point and the hysteresis freezing point is referred to as the hysteresis activity
(Figure 1.3A). The hysteresis activity is also used as an indicator of the antifreeze
activity of the protein. Figure 1.3A also indicate each type of antifreeze protein
has a distinct capacity to produce a thermal hysteresis at equimolar concentra-
tions, and the hysteresis activity shows an approximately hyperbolic relationship
to the protein concentration. This phenomenon has early reported in the studies
of AFGP [DeVries et al., 1970]. The lowering of the freezing point by AFGP is
illustrated in Figure 1.3A. It indicated that the physiological concentration of the
AFGP would be able to depress the freezing temperature of ice by only 1/500 of
its actual capability and lowering the freezing temperature to -0.8◦C would require
about 0.43 M of the solute [DeVries et al., 1970].
From a thermodynamic viewpoint, if two phases are at equilibrium, their free
energies per unit quantity are equal [Gibbs, 1906]. Below the bulk melting point
the free energy of the solid phase is less than that of the liquid, and this difference
increases with decreasing temperature. This energy difference between ice and
water may be expressed as a function of the temperature deviation from the melting
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where ∆GV is the free energy per unit volume (ergs/cm
3), ∆T is the degree of
supercooling (K), ∆S the heat of fusion of water (3.3×109 ergs/cm3) and Tm the
melting point (K). As can be seen, the difference in free energy of ice and wa-
ter increases with ∆T . Since the ice crystal does not grow within the hysteresis
gap, the antifreeze proteins must cause energy equilibrium to be maintained at all
temperatures where the phenomenon is happening. Hence, from Eq. (1.1), the
elevation of the free energy of the ice caused by the antifreeze proteins must be
temperature-dependent [Kristiansen and Zachariassen, 2005].
”Ice growth inhibition compound” (IGIC) [Harding et al., 1999], a term refer
to molecules that act kinetically not thermodynamically, and possess a nonzero
thermal hysteresis effect. IGICs which have a proven biological function will be
called ’antifreeze’ molecules in the biological context. Molecules which merely
modify the growth of ice, but do not arrest it, is called ’ice growth modifiers’ (IGM).
Ice growth inhibition include accumulation of protein at specific faces of the ice
crystal, detected by hemisphere etching [Knight et al., 1991], and modification of
the crystal habit [Knight et al., 1984]. when ice is grown in a thermal gradient.
Observations of ice crystal growth under the microscope shows that the presence
of IGIC not only lowers the freezing point of the solution but also alters the growth
habits and growth rates of ice. Figure 1.4 illustrates the properties of key ice growth
inhibitor proteins XXXX2KE(X= T, S, V, A, G). The valine substituted mutant
VVVV2KE gave a distinct etching pattern in which the protein accumulates on
the {2 0 2 1} plane of ice Ih (cf. Figure 1.5), and exhibited thermal hysteresis
comparable to that of the native protein. In the case of the alanine substituted
mutant AAAA2KE, reduced hysteresis behavior was measured, together with a
distinct etch pattern in the ice hemisphere test, in which ’binding’ to the {2 1 1 0}
sculpin plane was observed (cf. Figure 1.5).
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Figure 1.5: Summary of properties of key ice growth inhibitors (A) XXXX2KE and
modification of crystal growth and ice hemispheres for (B) X = T, (C) X = V and (D)
X = A. [Harding et al., 1999]
Adsorption-Inhibition Mechanism
As mentioned before, in order to explain the thermal hysteresis of antifreeze pro-
teins, Raymond and DeVries proposed that [Raymond and DeVries, 1977] by ad-
sorbing irreversibly to the ice crystal surface, the antifreeze proteins force the ice
to grow out as convex fronts between them. This growth pattern in turn causes
the antifreeze effect. This explanation was termed the adsorption inhibition mech-
anism (cf. Figure 1.6). There are two fundamentally different explanations as to
how this convex ice growth elevates the free energy per unit quantity of the crystal:
the effect may be regarded as a consequence of the addition of high-energy sur-
face water molecules per unit ice or, alternatively, as a consequence of a pressure
build-up due to the convexity of the interface [Kristiansen and Zachariassen, 2005].
Figure 1.6 illustrates that the ice crystal growth is inhibited because antifreeze
proteins adhere to the ice surface and AFPs restrict ice growth on the exposed ice
surface between adjacent antifreeze molecules [Zachariassen and Lundheim, 1999].
The surfaces of these exposed area segments are more convex, such would not
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Figure 1.6: Schematic diagram of antifreeze proteins inhibiting ice crystal growth to
illustrate the adsorption inhibition mechanism.
be the case in the absence of the antifreeze proteins. The convex surface has a
higher free energy than ordinary ice, and ice growth is thus depressed to lower
temperatures [Knight et al., 1991].
Raymond and DeVries attributed the antifreeze effect of the convex interface to
the added surface area of the interface [Raymond and DeVries, 1977]. If one as-
sumes that the surface water molecules obtain greater free energy per unit quantity
than those of the bulk phases, then addition of ice surface at the convex growth
zones may compensate for the iceCwater energetic discrepancy [Chalmers, 1964].
Hence, the surface water molecules are assumed to act as an energy barrier to
ice growth [Knight and DeVries, 1994]. Wilson calculated the antifreeze activity
caused by a surface distortion as a function of its width, defined by the adsorbant
spacing between adsorbed antifreeze proteins, and height [Wilson, 1993]. This was
done by considering the contribution to the free energy of the distortion from the
water molecules at its surface and within its volume.
1.1 Research Background 12
Although it is known that antifreeze proteins act through adsorption to the ice
surface [Raymond and DeVries, 1972, Raymond and DeVries, 1977], the relative
contribution of various physical forces to ice binding has not been established. The
main deliberation concerns the role of hydrophobic effects, including van der Waals
forces in conjunction with surface complementarity, versus the requirement for elec-
trostatic interactions through hydrogen bonding networks [Wen and Laursen, 1993,
Knight et al., 1993, Sonnichsen et al., 1996, Chao et al., 1997, Baardsnes et al., 1999,
Graether et al., 1999, Haymet et al., 1999, Madura et al., 2000]. For the α-helical
type I AFP from winter flounder, it was suggested that [DeVries and Lin, 1977]
repeating polar amino acids Thr and Asp were separated by a distance of 4.5 A˚.
This is equivalent to the spacing between ice lattice oxygen positions along the
a axis, and a hydrogen bonding mechanism of interaction was put forward based
on this spacing match [DeVries, 1983]. As shown in Figure 1.7(a), the repeated
sequences of AFP I follow a regular spacing between hydrophilic residues on one
side of the helix. The hydroxyl groups from the hydrophilic amino acids match the
positions of certain oxygen atoms in the ice lattice, thus allowing hydrogen bonds
to form between the antifreeze proteins and ice surface. This binding causes the
ice crystal to change to a bipyramid morphology (Figure 1.7(b)). Subsequently,
Knight et al postulated that [Knight et al., 1993] the number of hydrogen bond-
ing contacts between the AFP and ice could be increased if the polar groups of
the protein occupy ice lattice oxygen positions instead of hydrogen bonding to
the ice surface. However, this type of hydrogen bonding mechanism was ques-
tioned when the structures of the fish AFPs made it virtually impossible for ice
binding hydrophilic residues to penetrate the ice surface [Sicheri and Yang, 1995,
Gronwald et al., 1998, Jia et al., 1996]. The contribution of hydrogen bonding
was further reconsidered when mutation of the repeating threonine residues in
type I AFP to valine had little effect on antifreeze activity [Chao et al., 1997,
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Figure 1.7: (a) Binding of type I AFP to ice. Type I AFP, represented by the green
helix with projecting threonyl side chains adsorb on the ice surface, leads to shaping of
the {2 0 2 1} pyramidal plane (marked by red oxygen atoms) (b) Ice crystal grown from
the type I AFP solution. [Houston et al., 1998]
Haymet et al., 1998, Zhang and Laursen, 1998]. Mutation of conserved alanine
residues, adjacent to the rank of threonines, demonstrated that the alanine surface
is, in fact, the ice binding face of the protein [Baardsnes et al., 1999]. These results
support a mechanism of action based on hydrophobic and van der Waals effects.
The interrelated issue of surface complementarity has been addressed in the case
of the globular fish type III AFP, whose flattest surface is the ice binding plat-
form [Yang et al., 1998]. As well, hydrophobic parameters have been shown to be
the key predictor of antifreeze activity of type III AFP mutants [Graether et al., 1999].
Some studies [Antson et al., 2001, Strom et al., 2004] also proposed the an-
tifreeze mechanism of the AFPs based on modification of the crystal morphol-
ogy of ice in terms of the adsorption of antifreeze protein molecules on specific
surfaces of ice. The ice morphology modified by AFPs [Antson et al., 2001] was
identified as surface poisoning by the ice binding surface (IBS) of insect AFPs
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and as bridge-induced surface reconstruction by the IBS of fish AFPs and an-
tifreeze glycoproteins [Strom et al., 2004]. The growth morphology of the AFP-ice
system is derived from various factors, including the face indices, surface molecu-
lar compositions, relative growth rates, and the mechanisms responsible for that
morphology [Strom et al., 2004].
Apart from these, freezing is a process of ice crystallization from supercooled wa-
ter. Ice should first experience ice nucleation, followed by growth [Mutaftschiev, 1993].
Whether or not freezing takes place is determined to a large extent by ice nu-
cleation [Jia et al., 1996, Wilson and Leader, 1995]. Some studies [Jia et al., 1996,
Wilson and Leader, 1995] show that fish antifreeze proteins bind to nucleation sites
and reduce the efficiency of heterogeneous nucleation sites rather than bind to em-
bryonic ice nuclei. Similar phenomena were observed in the experiments of ice
crystallization in micro-sized water droplets and explained in the heterogeneous
nucleation theory [Du and Liu, 2002, Du et al., 2003, Liu and Du, 2004]. The in-
hibition of ice nucleation is important in any antifreeze process. The antifreeze
action of the AFP is actually first to inhibit nucleation by terminating the rel-
evant kinetics [Du and Liu, 2002, Du et al., 2003, Liu and Du, 2004]. When the
inhibition of ice nucleation fails, the AFP proceeds to inhibit the growth of ice.
1.2 Objective
The system of mixed lipid-protein plays a significant role in many industrial and
biomedical processes. For example, protein with lipid tends to accumulate at the
air-water or oil-water interface in many foods where they serve to stabilize foams
or emulsions. In living systems, they jointly compose biomembrane to separate one
microenvironment from another. Phospholipids are the primary lipids of biological
membranes which are composed of assemblies of diverse sets of molecules such as
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lipids, sterols and proteins. Phosphocholine is the most abundant phospholipid
class, which is comprising 80% of the phospholipid fraction. The single disatu-
rated phospholipid 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) accounts
for about one-third or slightly more of total lung surfactant phospholipid.
About the effect of DPPC on the freezing of water, there are some open ques-
tions. Firstly, the amount of water that remains unfrozen during freezing of phos-
pholipid vesicles is questionable [Bronshteyn and Steponkus, 1993]. In early study,
Chapman et al. reported that [Chapman et al., 1967] 0.25 g of H20 per g of DPPC
(20 wt%) remains unfrozen after cooling to -100◦C at a rate of 10◦C/min. The au-
thors also suggested that the water hydrogen bonded to the polar head groups
(of the lipids) is, like with the proteins, not freezable [Chapman et al., 1967].
These results are not consistent with subsequent studies, in which ice formation
has been demonstrated in suspensions of DPPC liposomes with an initial wa-
ter concentration significantly less than 20 wt% [Grabielle-Madelmont et al., 1983,
Kodama et al., 1982, Ueda et al., 1986, Bronshteyn and Steponkus, 1993]. Secondly,
most of these studies are focused on the lipid bilayer vesicles or multilamellar vesi-
cles of DPPC. The freezing of water in DPPC vesicles is considered as the bulk
water freezing, not the micro-sized water droplets. The thermodynamic mecha-
nism of water freezing in DPPC vesicles is still debatable [Kaasgaard et al., 2003].
Therefore, it is of great importance to examine the effect of DPPC on the freezing
of micro-sized water droplets.
Because in most cases the freezing is mediated by minute foreign particles such
as bacterial epiphytes, one should pay attention to the influence of foreign particle
on the ice crystallization. Recently, an effective methods (so-called double oil layer
micro-sized crystallization technique) has been developed to control the micro-
ice nucleation [Du and Liu, 2002]. This experimental method allows us to greatly
reduce the influence of the container and the foreign dust particles on ice nucleation.
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In addition, the heterogeneous nucleation theory has greatly progressed in recent
studies [Liu, 2001a, Liu, 2004]. In term of these newly developed experimental
techniques and heterogeneous nucleation theory, one can investigate and analyze
the kinetic mechanism of ice nucleation in micro-sized droplets in a quantitative
manner. Thus we expect to employ this double oil layer micro-sized crystallization
technique to reveal the effect of DPPC on the ice nucleation and the role of DPPC
in the antifreeze activity of AFPs and understand the related kinetic behavior.
In this thesis, both the effect of DPPC on ice nucleation and the role of DPPC on
antifreeze activity of AFPs are studied by using the newly developed experimental
techniques and novel theoretical model. The objectives of this thesis are to study
the effect of DPPC on ice nucleation and to study the effect of DPPC on antifreeze
activity of antifreeze proteins
1.3 Scope and Summary
The antifreeze mechanism of AFPs has a significant development, especially about
the inhibition of ice nucleation due to the additives of AFPs in kinetic behavior.
The system of mixed lipid-protein plays a significant role in many industrial and
biomedical processes. Thus it is worth thinking what is the role of lipid in the
antifreeze activity of AFPs. Based on the results obtained from our studies, a
further understanding of antifreeze activity of AFPs will be obtained. In addition,
water droplets in biological systems are mostly in the micro-sized range, what is the
effect of DPPC on the ice nucleation in micro-sized water droplets? We hope that
this study will provide the kinetic behavior of the freezing of water with DPPC, and
shed light on the identification of new and effective additives to depress or promote
the antifreeze activity of AFPs. In the next chapter, we will introduce the recently
developed micro-ice nucleation theory and the experimental techniques applied in
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this thesis.
Chapter 2
Ice and the Ice Nucleation Theory
2.1 Polymorphism of Ice
Ice is frozen water (one of its three phases of matter), and thereby a transparent,
crystal, soft and fragile solid. The phase transition occurs when liquid water is
cooled below 0◦C (273.15 K, 32◦F) at standard atmospheric pressure. It appears
in the most varied forms, from hail, to ice cubes, to enormous glaciers. Moreover it
plays an important role with a great many meteorological phenomena. The ice caps
of the polar regions are of great significance for the global climate and particularly
the water cycle. Ice has notable physical properties, some of which are still not
fully understood.
An unusual feature of ice frozen at a pressure of one atmosphere is that the solid
is some 8% less dense than liquid water. Ice has a density of 0.917 g/cm3 at 0◦C,
whereas water has a density of 0.9998 g/cm3 at the same temperature. Liquid
water is most dense, essentially 1.00 g/cm3, at 4◦C and becomes less dense as
the water molecules begin to form the hexagonal crystals of ice as the temperature
drops to 0◦C. (In fact, the word ”crystal” derives from the Greek word ”for frost”.)
This is due to hydrogen bonds forming between the water molecules, which line up
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molecules less efficiently (in terms of volume) when water is frozen. The result of
this is that ice floats on liquid water, an important factor in Earth’s climate.
When ice melts, it absorbs as much heat energy (the heat of fusion) as it would
take to heat an equivalent mass of water by 80◦C, while its temperature remains
a constant 0◦C.
2.1.1 Phase Diagram of Water
A phase diagram shows the preferred physical states of matter at different tem-
peratures and pressure. Within each phase the material is uniform with respect to
its chemical composition and physical state. At typical temperatures and pressure
water is a liquid, but it becomes solid (i.e. ice) if its temperature is lowered below
273 K and gaseous (i.e. steam) if its temperature is raised above 373 K, at the
same pressure. The phase diagram of water is presented in Figure 2.3, having a
number of triple points and one or possibly two critical points. The triple points,
which are when three phases coexist but may abruptly and totally change into each
other given a change in temperature or pressure, are listed in Table 2.1.
The boundaries shown for ice-ten (X) and the high pressure ice-eleven (XI) and
the boundary between supercritical water and ice-seven (VII) [Lin et al., 2004] are
still to be established (see Figure 2.3). The mean surface conditions on Earth (E),
Mars (M) and Venus (V) are indicated in Figure 2.3.
All the crystalline phases of ice involve the water molecules being hydrogen
bonded to four neighboring water molecules. In all cases the two hydrogen atoms
are equivalent, with the water molecules retaining their symmetry, and they all
obey the ’ice’ rules: two hydrogen atoms near each oxygen, one hydrogen atom on
each O· · ·O bond. The H-O-H angle in the ice phases is expected to be a little less
than the tetrahedral angle (109.47◦), at about 107◦.
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Figure 2.1: Left: Phase diagram showing the stable phase of the ice-water system;
Right: The center region in phase diagram of ice-water. Critical points, which are where
the properties of two phases become indistinguishable from each other, are shown as red
circles.
Both the critical points are shown as circle points in the phase diagram (to-
wards the top left,above). Beyond the critical point in the liquid-vapor space
(towards the top right, above), water is supercritical existing as small but liquid-
like hydrogen-bonded clusters dispersed within a gas-like phase [Ohtaki, 2003,
Wernet et al., 2005], where physical properties, such as gas-like or liquid-like be-
havior, vary in response to changing density. The critical isochor (density 322 kg
m−3) is shown as the thin dashed line extension; this may be thought of as dividing
more-liquid-like and more-gas-like properties [Verma, 2003]. The properties of su-
percritical water are very different from ambient water. For example, supercritical
water is a poor solvent for electrolytes, which tend to form ion pairs. However, it is
such an excellent solvent for non-polar molecules, due to its low dielectric constant
and poor hydrogen bonding, that many are completely miscible. Viscosity and
dielectric constant both decrease substantially whereas auto-ionization increases
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Table 2.1: Triple points of the stable phase of ice
Triple points P (MPa) T (◦C) Ref.
gas liquid Ih 6.11657×10−4 0.010 [Guildner et al., 1976]
gas Ih XI 0 -201.0 [Pashley et al., 2004]
liquid Ih III 207.5 -22.0 [Bridgman, 1912]
Ih II III 212.9 -34.7 [Bridgman, 1912]
II III V 344.3 -24.3 [Bridgman, 1912]
liquid III V 346.3 -17.0 [Bridgman, 1912]
II V VI ∼620 ∼-55 [Mercury et al., 2001]
liquid V VI 625.9 0.16 [Bridgman, 1912]
VI VII VIII 2,100 ∼5 [Eisenberg and Kauzmann, 1969]
liquid VI VII 2,200 81.6 [Eisenberg and Kauzmann, 1969]
VII VIII X 62,000 -173 [Song et al., 2003]
liquid VII X 43,000 >700 [Schwager et al., 2004]
substantially. The physical properties of water close to the critical point (near-
critical) are particularly strongly affected [Anisimov et al., 2004], Extreme density
fluctuations around the critical point causes opalescent turbidity. Many properties
of cold liquid water change above about 200 MPa (e.g. viscosity, self-diffusion, com-
pressibility, Raman spectra and molecular separation), which may be explained by
the presence of a high density liquid phase containing interpenetrating hydrogen
bonds.
The critical point and the line attached it in the ice-one phase space refer to
the low-density (LDA) and high-density (HDA) forms of amorphous water (ice)
[Mishima and Stanley, 1998]. Although generally accepted and supported by di-
verse experimental evidence [Klotz et al., 2005, Liu et al., 2005] the existence of
this second, if metastable, critical point is impossible to prove absolutely at the
present time and is disputed by some [Klug et al., 1999, Johari and Andersson, 2004,
Torre et al., 2004]. The transition between LDA and HDA is due to the increased
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entropy and attractive van der Waals contacts in HDA compensating for the re-
duced strength of its hydrogen bonding. The high-pressure phase lines of ice-ten
(X) and ice-eleven (XI) [Holzapfel, 1998] are still subject to experimental veri-
fication. Two different forms of ice-eleven have been described by different re-
search groups: the high-pressure form (also known as ice-thirteen) involves hy-
drogen atoms equally-spaced between the oxygen atoms [Benoit et al., 1996] (like
ice-ten) whereas the lower pressure low temperature form utilizes the incorporation
of hydroxide defect doping (and interstitial K+ ions) to order the hydrogen bond-
ing of ice Ih [Fukazawa et al., 1998], that otherwise occurs too slowly. Another
ice-ten has been described, being the proton ordered form of ice-six (VI) occur-
ring below about 110 K. Only hexagonal ice-one (Ih), ice-three (III), ice-five (V),
ice-six (VI) and ice-seven (VII) can be in equilibrium with liquid water, whereas
all the others ices, including ice-two (II, [Leo´n et al., 2002]), are not stable in its
presence under any conditions of temperature and pressure. The low-temperature
ices, ice-two, ice-eight (VIII), ice-nine (IX) and ice-eleven (low pressure form) all
possess (ice-nine incompletely) low entropy ordered hydrogen-bonding whereas in
the other ices (except ice-ten [Suga, 1997] and ice-eleven where the hydrogen atoms
are symmetrically placed) the hydrogen-bonding is disordered even down to 0 K,
where reachable. Ice-four (IV) and ice-twelve (XII) [Lobban et al., 1998] are both
metastable within the ice-five phase space. Cubic ice (Ic) is metastable with re-
spect to hexagonal ice (Ih). It is worth emphasizing that liquid water is stable
throughout its phase space above. Kurt Vonnegut’s highly entertaining story con-
cerning an (imaginary) ice-nine, which was capable of crystallizing all the water
in the world [Vonnegut, 1963], fortunately has no scientific basis as ice-nine, in
reality, is a proton ordered form of ice-three, only exists at very low tempera-
tures and high pressures and cannot exist alongside liquid water under any con-
ditions. Ice Ih may be metastable with respect to empty clathrate structures of
2.1 Polymorphism of Ice 23
lower density under negative pressure conditions (i.e. stretched) at very low tem-
peratures [Belosludov et al., 2002].
As pressure increases, the ice phases become denser. They achieve this by ini-
tially bending bonds, forming tighter ring or helical networks, and finally including
greater amounts of network inter-penetration. This is particularly evident when
comparing ice-five with the metastable ices (ice-four and ice-twelve) that may exist
in its phase space. Other stable or metastable phases of ice have been proposed
(e.g. Ice XIII and ice XIV [Mishima and Stanley, 1998]) and may exist but their
structures have not been established.
2.1.2 Hexagonal Ice (Ice Ih)
Hexagonal ice (ice Ih) is the form of all natural snow and ice on Earth (see phase
diagram in Figure 2.3), as evidenced in the six-fold symmetry in ice crystals grown
from water vapor (i.e. snow flakes).
Hexagonal ice (Space group P63/mmc, 194; Laue class symmetry 6/mmm; anal-
ogous to β-tridymite silica) possesses a fairly open low-density structure, where the
packing efficiency is low (∼1/3) compared with simple cubic (∼1/2) or face cen-
tered cubic (∼3/4) structures (and in contrast to face centered cubic close packed
solid hydrogen sulfide). The crystals (see Figure 2.4) may be thought of as consist-
ing of sheets lying on top of each other. The basic structure consists of a hexameric
box where planes consist of chair-form hexamers (the two horizontal planes, oppo-
site) or boat-form hexamers (the three vertical planes, opposite). In this diagram
the hydrogen bonding is shown ordered whereas in reality it is random. The water
molecules have a staggered arrangement of hydrogen bonding with respect to three
of their neighbors, in the plane of the chair-form hexamers. The fourth neighbor
(shown as vertical links opposite) has an eclipsed arrangement of hydrogen bond-
ing.
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Figure 2.2: The crystal structure of ice Ih
There is a small deviation from ideal hexagonal symmetry as the unit cell is
0.3% shorter in the c-direction (in the direction of the eclipsed hydrogen bonding,
shown as vertical links in the figures). All molecules experience identical molec-
ular environments. The unit cell may be considered as a group of four molecules
(three shown starred in the top figure, with the fourth linked as indicated). The
crystallographic c-axis is in the vertical direction. The hexagonal crystal has unit
cell dimensions a = 4.5181 A˚ and c = 7.3560 A˚ (90◦, 90◦, 120◦, 4 molecules, at
250 K) [Ro¨ttger et al., 1994]. In a perfect crystal the ’c’ cell parameter would be
2
√
(2/3) times the ’a’ cell parameter.
Hexagonal ice crystals form hexagonal plates and columns where the top and
bottom faces are basal planes {0 0 0 1}, and the six equivalent side faces are called
the prism faces {1 0 -1 0}, which are shown in Figure 2.5. Secondary prism faces {1
1 -2 0} may be formed down the planes formed by the sides of the chair structures.
Ice nucleation occurs greatly enhanced, by a factor of 1010, at the air-water
surface rather than within bulk water [Shaw et al., 2005]. Hexagonal ice crystals
may form by (slowly) growing in the direction of the c-axis (S1 ice) as inside verti-
cal freezing pipes or where ice crystals grow down vertically from crystal platelets
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nucleated on still water with their c-axes vertical, and where sideways growth is
prevented but axial growth allowed. Alternatively they may grow more rapidly
from the prism faces (S2 ice), as at the disturbed randomly-directed surface of
rapidly freezing or agitated lakes. Growth from the {1 1 -2 0} faces is at least
as fast as that from the prism faces but such growth turns these faces into prism
faces [Nada and Furukawa, 2005]. Ice crystal growth data has been critically ex-
amined elsewhere.The relative speeds of this crystal growth, on the different faces
depend on the ability of these faces to form greater extents of cooperative hy-
dration. The temperature of the (supercooled) surrounding water determines the
degree of branching in the ice crystal. Crystal growth is limited by the rate of
diffusion at a low degree of supercooling (i.e < 2◦C; giving rise to more branch-
ing) but limited by the kinetics of growth at higher degrees of supercooling (i.e.>
4◦C; giving rise to needle-like growth) [Shibkov et al., 2005]. The hexagonal crystal
structure, the different growth characteristics of the crystal faces and the tempera-
ture of the surrounding (supercooled) water are behind the flat six-pointed shapes
of snowflakes. Solutes cannot be incorporated into the ice Ih structure at ambient
pressure but are expelled to the surface or the amorphous layer between the ice
crystals. This may be made use of when purifying water (e.g. degassing) using
successive freeze-thaw cycles.
Figure 2.3: The basal plane and prism faces of ice Ih
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Hexagonal ice has triple points with liquid and gaseous water (0.01◦C, 612 Pa),
liquid water and ice-three (-22.0◦C, 207.5 MPa) and ice-two and ice-three (-34.7◦C,
212.9 MPa). The dielectric constant of hexagonal ice is 97.5 [Robinson et al., 1996].
Hexagonal ice shows anomalous reduction in thermal conductivity with increasing
pressure (as do cubic ice and low-density amorphous ice) but different from most
crystals. This is due to changes in the hydrogen bonding decreasing the transverse
sound velocity [Andersson and Suga, 2002].
2.2 Ice Nucleation Theory
2.2.1 General Concept of Nucleation
The creation of a new phase from a metastable (supersaturated or supercooled)
state occurs via germs, or embryos, of the new phase. Germs are small, transient
clusters of the new phase, or something approximating it, which exist in various
sizes, dispersed within the parent phase. Continuous fluctuations in the sizes of
these clusters, via the incorporation of additional molecules and the detachment
of others, may result in a germ growing large enough to become stable, i.e. for
growth to become overwhelmingly more probable than decay. This is expressed as
reaching the critical size for stability, and hence nucleation of the new phase. The
instability of germs smaller than the critical size and the stability of those larger
than the critical size arise from the decreasing surface to volume ratio of the germ
with increasing size. Molecules at the germ’s surface are most likely to return from
the germ to the metastable phase, so that the higher is the proportion of interior
molecules the more likely it is that the germ will become permanent and grow.
In the above picture germs are viewed as isolated clusters dispersed in the par-
ent phase, i.e. the probability of creating a nucleus is uniform throughout the
system. This case corresponds to the homogeneous nucleation. In other situation
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in which the germs are attached to some pre-existing structure, most likely a solid
surface, in such a way that the likelihood for the germ to reach stability is in-
creased. This is the heterogeneous nucleation case, which normally occurs on solid
or liquid surfaces, microclusters, dusts, macromolecules or other foreign bodies.
Since these foreign bodies occur inevitably in most systems, nucleation has in most
cases a heterogeneous nature rather than a homogeneous nature [Oxtoby, 2000].
By definition, homogeneous nucleation requires a greater degree of metastability
- supercooling or supersaturation - than heterogeneous nucleation. During het-
erogeneous nucleation, the properties of these foreign bodies form an additional
factor upon which the nucleation barrier and nucleation rate depend [Liu, 2001a].
Since in this study, we focus on effects of DPPC and AFP on the ice nucleation,
we will first briefly describe the thermodynamic/kinetic theory of nucleation, and
then overview the effects of substrate and interface on the nucleation.
We can image a simple picture of 3D nucleation [Liu, 2001a], in which the
constituent atoms or molecules in the solution may, on collision, join into groups
of two, three, four, or more particles, forming dimers, trimers, tetramers, etc. The
kinetics of nucleation is about the description of nucleation rate J , which is defined
as the number of nuclei created per unit volume-time, and determined by the
nucleation barrier, kink integration rate, transport and other factors. Therefore,
the central problem in nucleation theory and experiment is to find J as a function
of the parameters controlling the process.
2.2.2 Thermodynamic Driving Force for Nucleation
Nucleation is the initial step of every first-order phase transition, and most phase
transitions encountered both in everyday life and industrial processes are of the
first-order. The driving force for nucleation of new phases (e.g., crystals) is ∆µ,
which is defined as the difference between the chemical potentials µambienti and
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µcrystal of a growth unit in the ambient mother and the crystalline phases:
∆µ = µambienti − µcrystal (2.1)
(Subscript i denotes the solute in the ambient phases.) When ∆µ > 0, the system
is supersaturated. This is the thermodynamic pre-condition for nucleation and
growth of the crystalline phase. Conversely, when ∆µ < 0, the system is under-
saturated and it means that crystals will dissolve. If ∆µ = 0, the ambient phase
will be in equilibrium with the crystalline phase [Fowler and Giggenhein, 1960].














are, respectively, the equilibrium activity and concentration of species i. k is the
Boltzmann constant and T is the absolute temperature. Note that supersaturation









and then eq.(2.2) can be rewritten as
∆µ
kT
= ln(1 + σ) (2.4)
For crystallization from the melt at temperatures not far below the melting or
equilibrium temperature, the thermodynamic driving force ∆µ is given by [Liu, 2001a]
∆µ = Sm∆T (2.5)
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∆T = Te − T (2.6)
where Sm is the enthalpy of melting per molecule, Te is the equilibrium temperature,
∆T is supercooling.
2.2.3 Nucleation Barrier and Impact of Foreign Particles
During the nucleation process, the properties of the new phase is fluctuating and
localized in small nano-scale spatial regions. These regions are occupied by various
numbers of atoms or molecules which form clusters. These clusters remaining
at equilibrium with the surrounding mother phase are the critical nuclei, and the
smaller or the larger clusters are the subnuclei (referred as ”clusters”) or supernuclei
(”nuclei”), respectively [Liu, 2001a]. Only the supernuclei can grow spontaneously
to reach macroscopic sizes.
The nucleation rate J describes the number of nuclei successfully generated from
the population of clusters per unit time and per unit volume. The J is determined
by the height of the free energy barrier, i.e. the so-called nucleation barrier. The
occurrence of a nucleation barrier is attributed to the following two competitive
effects [Liu, 2001a, Liu, 2004]:
• The occurrence of the new phase from the ambient phase will lead to a
lowering of the (Gibbs) free energy of the system because the crystalline
phase is a stable phase ;
• The increase in the size of the crystalline new phase leads to an increase in
the interface (or surface) area, and consequently this enhances the interface
(or surface) free energy. Therefore, the Gibbs free energy of the system will
be increased from interfacial (or surface) free energy.
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Employing the method proposed by Gibbs [Gibbs, 1928] and considering ther-
modynamic theory, one can obtain the free energy change (∆G) due to the forma-
tion of a cluster of n = 1,2,3... molecules
∆G = −n∆µ+ Φn (2.7)
where Φn is the total surface energy of the n-sized cluster (except for nucleation
of bubbles when Φn contains also pressure-volume terms).
The ∆G function reaches its maximum ∆G∗ at r = rc, or n = n∗. The cluster of
n∗ molecules is the critical nucleus, rc is the radius of curvature of the critical nuclei,
and ∆G∗ is the nucleation barrier. One of the major problems in the nucleation
theory is to find ∆G∗ which, physically, is the energy barrier of nucleation. In the







where γcf is the surface free energy between phases i and j and Ω is the volume
per structural unit.
The occurrence of foreign bodies in the system, which means the case of het-
erogeneous nucleation, normally reduces the interfacial (or surface) free energy,
therefore will also lower the nucleation barrier. In order to describe the lowering of
the nucleation barrier due to the action of a foreign body, the interfacial correlation




where ∆G∗homo is the homogeneous nucleation barrier mentioned in above section
and ∆G∗heter is the heterogeneous nucleation barrier (namely, the nucleation barrier
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in the presence of a foreign body.) Recently, a new model [Liu, 1999b, Liu, 2000,
Liu, 2001a, Liu, 2004] has been proposed to derive the ∆G∗heter and f .
An illustration of nucleation on a foreign particle for this new model [Liu, 1999b,
Liu, 2000, Liu, 2001a, Liu, 2004] is shown in Figure 2.6, in which the nucleation
occurs on a foreign body with a radius of Rs. In this new model for heterogeneous
Figure 2.4: Illustration of nucleation on a foreign particle. θ is the virtual contact angle
between nucleating phase and substrate. The ambient phase is indexed by subscript f,
the crystalline phase by c and the foreign body by s. The volume is denoted by V and
the surface area of the foreign body by S.
nucleation [Liu, 2001a], the critical free energy ∆G∗heter of forming a cluster of





































m = (γcf − γsc)/γcf, (−1 ≤ m ≤ 1), (2.13)
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where γij is the surface free energy between phases i and j and Ω is the volume
per structural unit. m depends on the interaction and structural match between
the crystalline phase and the nucleating particles and is related to the interfacial
tension between two different phases. R′ is the dimensionless radius of curvature of
the substrate in reference to the radius of the critical nucleus rc. Note that under
a given thermodynamic condition for homogeneous and heterogeneous nucleation,
the critical radius rc is only determined by γcf and the driving force ∆µ [Liu, 2001a,
Fowler and Giggenhein, 1960, Chernov, 1984, Mutaftschiev, 1993].
If appropriate values of Rs,m, γcf and ∆µ are substituted into eqs.(2.10)−(2.16),
one can calculate f(m,R′) and ∆G∗heter for any nucleation process. Note that the
factor f(m,R′) varies from 1 to 0, which fully characterizes the influence of foreign
particles on the nucleation barrier.
Figure 2.7 shows f(m,R′) as a function of R′ for a given m. When R′ → 0,
f(m,R′) = 1, implying that the foreign body vanishes completely as a nucleating
substrate. In practice, if foreign bodies are too small, e.g. clusters of several
molecules, nucleation on these substrates will not be stable. Then, the foreign
bodies play no role in lowering the nucleation barrier. If R′ À 1, the foreign body
can be treated as a flat substrate with respect to the critical nuclei. In this case,
f(m,R′) = f(m) is solely a function of m, and the curvature of the foreign body
has no effect on the nucleation kinetics. Eq.(2.12) is then reduced to
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Figure 2.5: (a) Dependence of the interfacial correlation function f(m,R′) on m and
R′ ¿ 10. (b) Dependence of the interfacial correlation function f(m,R′) on m at R′ À
10.
In further, for a given m, f(m,R′) will decrease with m when R′ À 0.1, and
gradually approach a constant value when R′ À 10. The regime where f(m,R′) is
independent of R′ is referred to as the ”size independent regime”, and the regime
where f(m,R′) varies with R′ is referred to as the ”size dependent regime”.
2.2.4 Nucleation Kinetics and Influence of Substrate
As mentioned above, the central problem in kinetics of nucleation is how to describe
the nucleation rate J . Based on the basic thermodynamic theory of Gibbs [Gibbs, 1928],
Volmer andWeber first devoted their work to description of J in 1926 [Volmer and Weber, 1926].
The widely accepted kinetic model of nucleation (within the cluster approach) was
first introduced by Farkas [Farkas, 1927]. The latest progress in modern heteroge-
neous nucleation theories has been reviewed by Liu in his recent work [Liu, 2001a,
Liu, 2004].
Taking into account the effect of the substrate on both the nucleation barrier
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and the transport process, and the fact that the average nucleation rate in the
fluid phase depends on the density and size of the foreign particles present in the
system, the nucleation rate is given by [Liu, 1999b, Liu, 2000, Liu, 2001a]

















f ′′(m,R′) = f ′′(m) =
1
2
(1−m) at R′ À 1, (2.21)
where a is the dimension of growth unit. B is the kinetic constant and N0 de-
notes the number density of the substrates (or seeds). βkink is the kink integration
coefficient [Chernov, 1984, Liu and Bennema, 1993, Liu, 1999a]. f ′′(m,R′) in the
pre-exponential factor, which is the ratio between the average effective collision in
the presence of substrates and that of homogeneous nucleation (i.e., in the absence
of a substrate), describes the ”shadow” effect of the substrate cast on the surface
of the nuclei in the case of heterogeneous nucleation.
Both f(m,R′) and f ′′(m,R′) are functions of m and R′. When R′ → 0 or or
m → 1, f(m,R′), f ′′(m,R′) = 1. This is equivalent to the case of homogeneous
nucleation. In the case where m → 1 and R′ À 1, one has f(m,R′), f ′′(m,R′) =
0. Normally, heterogeneous nucleation occurs in the range between 1 and -1, or
f(m,R′) between 0 and 1, depending on the nature of the substrate surface and
the supersaturation.
Note that for homogeneous nucleation, one has f ′′(m,R′) = f(m,R′) = 1, and
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4pia(Ra)2N0 → 1. In this case, eq. (2.18) is converted to






This implies that eq.(2.18) is applicable to both homogenous and heterogeneous
nucleation.
2.2.5 Induction Time in Nucleation
One of the most common ways to describe the kinetics of nucleation is to measure
the induction time ts of nucleation at different supersaturations. In experiments,
we generally consider the induction time ti of crystallization, which is defined as
the mean time lapse before an observable amount of the new phase is detected
ti = tg + tnonst + ts (2.23)
where tg is the time for the growth of crystals to the observable size and the
transient period tnonst is associated with the nucleation of the non-stationary state.
If crystals with a sufficiently small size can be detected by certain techniques,
one then can have tg ¿ tnucl(= tnonst + ts). Especially, under the situation of the
critical size of nuclei from several nm to several tens of nm, one can assume tg → 0.
If the ambient mother phase is not too viscous, such as aqueous solutions,
one normally has tnonst = a few microseconds [Skripov, 1976]. This implies that
tnonst ¿ ts. Therefore, one can approximate eq.(2.23) by [Liu, 2001a, Liu, 2004]
ti ∼= tnucl ∼= ts (2.24)
Therefore, under the normal condition the nucleation rate J is time-independent
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where V is the volume of the system.












where B′ = B[(Rs)2N0]. For a given system, since ρ, C1 and B′ are constant, the
changes in the slope and/or the intercept of the ln(ts) ∼ 1/[ln(1 + σ)]2 plot will
then correspond to the modifications in f(m,R′), f ′′(m,R′) and βkink.
For crystallization from the melt at temperatures not far below the melting or
equilibrium temperature, such as supercooled ice nucleation, combing eqs.(2.5),











On the other hand, if the ambient phase is very viscous, such as the glass phase,
eqs.(2.24) and (2.26) cannot be applied directly. In the case of nucleation in micro-
sized droplets or emulsions, the condition of constancy is difficult to achieve. In
such a case, we should consider ln(tsV ) ∼ 1/[ln(1 + σ)]2 rather than ln(ts) ∼
2.2 Ice Nucleation Theory 37
1/[ln(1 + σ)]2, as given by eq.(2.26) [Du and Liu, 2002, Liu, 2004].
2.2.6 Interfacial Effects of Foreign Body and Fluid Molecule
Size Effect of The Substrate
Because the average size or the curvature of the substrate (Rs) should be fixed for
a given system, the relative radius (R′) of a foreign body, which is determined by
the radius of curvature of the substrates (Rs) and of the critical nuclei (rc), should
depend on the critical radius of the nuclei rc. Note the expressions (eqs.(2.4),(2.5)
and (2.15)) of rc and ∆µ, it follows that R
′ is proportional to ∆µ/kT .
At high supersaturations of nucleation, because rc can be much smaller than R
s,
R′ becomes large. If R′ reaches the size independent regime (R′ À 10), f(m,R′)
is independent of the supersaturation, and then the ln(ts) ∼ 1/[ln(1 + σ)]2 plot
should be linear according to eq.(2.26). Note that rc increases as the supersatu-
ration decreases. If supersaturation is sufficiently low so that R′ falls in the size
dependent regime (R′ ¿ 10 ), f(m,R′) will drastically increase with decreasing su-
persaturation, and therefore the slope of ln(ts) ∼ 1/[ln(1+σ)]2 plot will drastically
increase and make the plot be non-linear.
At very low supersaturations or very small Rs, if it results in R′ reaching a
regime of R′ ¿ 0.1, f(m,R′) reaches its maximum (f(m,R′) = 1). This implies
that from the point of view of nucleation barrier, foreign bodies have no effect on
the nucleation kinetics. Any nucleation occurring in the neighborhood of foreign
bodies having much smaller radii than the critical nucleus radius rc would not
be able to ”feel” any influence on the part of the foreign bodies. This regime is
also defined as the ”zero-size effect” regime [Liu, 2001a, Liu and Du, 2004]. In this
regime ln(ts) ∼ 1/[ln(1 + σ)]2 plot reaches its maximal slope.
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Interfacial Correlation Between Substrate and Nucleating Phase
In the case of R′ À 1, which means that the substrate can be regarded as being
essentially flat, f(m,R′) is solely dependent on m (namely, f(m,R′) = f(m) is
independent of the supersaturation). Therefore, the plot of ln(ts) ∼ 1/[ln(1 + σ)]2
should give rise to a straight line with the slope of ρf(m). Note that for a given
system (ρ, B′ = const.), the slope of the straight line will change according to
f(m). The slope of the ln(ts) ∼ 1/[ln(1 + σ)]2 plot will give the relative f(m) for
the given system. Therefore, one can analyze the change of the correlation between
the substrate and the crystalline phase in terms of the variation of the slope.
The expression of m (eq.(2.13)) implies m is directly associated with γcs. Note
that γcs is determined by the interaction and/or structural match between the
nucleating phase and the substrate. γcs(α) can be expressed in the neighborhood
of the minimal γcs (denoted by γ
min









where: γmincs = minimal specific interfacial free energy at a given orientation α; ε
= elastic modulus; p = Poisson constant; b = Burgers vector; α = misorientation
angle. For a given crystalline phase and a given substrate, the optimal structural
match at the crystallographic orientation {hkl}, corresponds to the strongest av-
erage interaction or the lowest interfacial energy difference between the crystalline
phase and the substrate between the two phases. This orientation corresponds
to the (minimal) cusp in the γ-plot [Liu, 2001a, Liu, 2004]. Substituting γcs of











If γcs(α) → 0 at α → 0, which means an excellent structural match between the
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nucleating phase and the substrate, it will result in m → γsf/γcf. Furthermore,
if γsf ≈ γcf, it means m → 1 and f(m) → 0 from eq.(2.17). Therefore, one can
conclude that ∆G∗heter vanishes almost completely at this situation, which occurs
during the growth of crystals with an excellent epitaxial relation.
As the structural match tends towards a poor match, m decreases from 1 to 0,
and then to -1. The extreme case of m → −1 corresponds to the situation where
there is no crystal-substrate correlation. In this extreme case, substrates exert
almost no influence on nucleation, and nucleation is controlled by the kinetics of
homogeneous nucleation. Therefore, nuclei emerging in this case are completely
disordered, bearing no correlation to the substrate, and then one has f(m,R′) = 1.
In general, as f(m,R′) varies from 0 to 1 (or m from 1 to -1), the interfa-
cial structure correlation between the nucleating phase and the substrate changes
from a completely correlated and ordered state to a completely uncorrelated and
disordered state.
Templating and Supersaturation Driven Interfacial Structure Mismatch
As mentioned before, the occurrence of substrates will, on one hand, kinetically
lower the nucleation barrier thus leading to an increase in the nucleation rate, but
on the other hand ”shadow effect” of the substrate will slow down the nucleation
kinetics, These two contradictory effects play different roles in different regimes.
At low supersaturations, the nucleation barrier is very high (cf. eqs (2.4), (2.8)
and (2.10)). The nucleation rate will be substantially enhanced if the nucleation
barrier is suppressed effectively (f(m) → 0). Therefore, heterogeneous nucleation
with a strong interaction and optimal structural match between the substrate and
the nucleating phase will be kinetically favored. In this case, the nucleation of
crystalline materials will be best templated by substrates capable of providing the
excellent structural correlation with the crystalline phase. The structural synergy
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between the nucleating phase and the substrate will be optimal under this con-
dition. These principles are wildly employed in epitaxial growth of crystalline, in
which the structure of the host substrate is utilized to template the growth of the
required crystalline material in a desired orientation and then achieve the best
epitaxial relation [Chernov, 1984, Liu, 2001c, Liu, 2001b].
At higher supersaturations, the exponential term associated with the nucleation
barrier becomes less important. Instead, the shadow effect of the substrate, domi-
nates the kinetics more strongly. Nucleation on substrates having larger f(m) and
f ′′(m) (or m→ 0,−1) corresponds to a higher degree of orientational freedom (or
a larger entropy). This will reduce the shadow effect of the substrate, and therefore
it will become kinetically more favorable. This implies that the epitaxial template
relationship between substrate and the nucleating phase cannot be maintained even
for substrates having an excellent structural match with crystalline materials, if
the supersaturation is too high.
If σ progressively increases from low supersaturations to high supersatura-
tions, nucleation will be governed by a sequence of progressive heterogeneous pro-
cesses associated with increasing f(m). In analogy with the above analysis, we
should obtain a set of pairwise intercecting straight lines if ln ts is plotted against
1/[ln(1 + σ)]2. Since for the crystalline phase, m and f(m) take on only those val-
ues which correspond to some crystallographically preferential orientations, f(m)
or the slope of the straight lines will take on discrete values, and f(m) will increase
as σ increases.
The correlation between a substrate and the nuclei can be modified by in-
troducing additives (or impurities), depositing an adsorption layer on the sub-
strate [Liu, 2001a, Liu, 2001c, Liu, 2001b]. If the adsorbed additives or the in-
termediate layers improve the interfacial correlation, we then have a nucleation
promoting effect. Otherwise, we have a counter nucleation effect. The adsorption
2.2 Ice Nucleation Theory 41
of additives at the surface of foreign bodies will significantly modify the interaction
and structural match between foreign bodies and the nucleating phase. This brings
about a change in the interfacial free energy between the nucleating phase and the
substrate from γsc to γs’c’ .
In the case of nucleation promotion, the adsorption of additives will give rise
to a stronger interaction and/or a better structural match between the substrate
and the nucleating phase, which significantly reduces γsc. If the additives adsorb
on the surface of clusters at the same time, one has then m → γsf/γcf ∼ 1 and
f(m,x) → 0 (cf. eq.(2.17)). This can be identified from the lowering of the slope
of ln(ts) ∼ ln[(1 + σ)]2, and the increase of the intercept due to the negative
change in ln{f ′′(m,x)[f(m,x)]1/2}. Conversely, the adsorption of additives leading
to repulsion and the interfacial structure mismatch between the substrate and the
nucleation crystalline phase will cause a substantial increase in γsc. It follows from
eq.(2.17) that f(m,x)→ 1 at m→ −1. This enhances the nucleation barrier and
reduces the nucleation rate at a given supersaturation. The effect can be identified
from the increase in the slope of ln(ts) ∼ 1/[ln(1 + σ)]2, and the decrease of the
intercept.
By carefully adjusting the above two contradictory effects of the templating
and the supersaturation driven interfacial structure mismatch, one should be able
to engineer and fabricate the complex structures of functional materials at the
micro/nano structural level [Liu, 2001a, Liu and Lim, 2003, Liu, 2004].
Chapter 3
Experimental Techniques
3.1 Micro-sized Ice Nucleation Technique
In our experiments we have mainly employed a micro-sized ice nucleation technique
(i.e. called double oil layer micro-sized crystallization technique). In this technique,
a micro-sized water droplet is suspended in a double layer of immiscible oils in
a circular quartz cell (see Figure 3.1a). The double layer of oils keeps the water
droplet from the outside environment, which means that can minimize the influence
of the container and dust particles on ice crystallization. Therefore, this technique
can allow us to examine the effect of different additives on ice nucleation kinetics
quantitatively.
In our experiment, the lower layer of oil (labeled as Oil II in Figure 3.1a) in the
quartz cell is formed by the silicon oil with larger density (AR 1000 from Fluka)
and the light oil (labeled as Oil I in Figure 3.1a) is an oil (200/500 cS Fluid from
Dow Corning/Paraffin Oil) with a lower density than that of water. The water
droplet between the Oil I and the Oil II layers in Figure 3.1a is about 0.4 µl. In
order to prevent evaporation, a glass cover slip is placed on the top of the cell. The
whole experimental setup is also illustrated in Figure 3.1b.
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Figure 3.1: (a). Illustration of the sample cell and the placement of a drop of solution.
Note that the density of solution is higher than that of Oil I and lower than that of
Oil II. (b) Experimental setup: 1. Polarized optical microscope (Olympus BX60-F); 2.
Three CCD cameras (Panasonic, KY-F55BE); 3. Heating and freezing stage (Linkam
THMS 600); 4. Temperature control system; and 5. Computer and image processing
system [Du and Liu, 2002].
3.1 Micro-sized Ice Nucleation Technique 44
Figure 3.2: The water droplet suspended in oil observed under a microscope (a) before
crystallization and (b) upon crystallization [Du and Liu, 2002]
Because the density of water is intermediate between that of two kinds of oils,
the water droplet is suspended in between the two layers of water-immiscible oils.
In order to remove big particles in both the water and oils, they were filtered twice
using 20 nm filters before their injection into the cell. The water used in our exper-
iments was in a highly pure deionized form (18.2 MΩ). The cell was mounted in a
heating and freezing stage (Linkam THMS 600 Heating and Freezing stage) where
the temperature T can be controlled within 0.1◦C from -192◦C to 600◦C. The ice
crystallization was totally controlled by this equipment. We have used a polarized
transmission microscope (Olympus, BX60-F) to observe the process of micro-sized
ice nucleation. This polarized transmission microscope is attached to a 3 CCD
video camera (Panasonic, KYF55BE) with an S-VHS video recorder (Panasonic
AGMD830) attached to it (see Figure 3.1b). By means of the crossed polarizer
analyzer in the microscope (see Figure 3.2), any crystal structure occurring in the
drop is immediately detected .
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Compared with previous works [Addadi et al., 1982, Weissbuch et al., 1987],
the main advantage of our experimental method is that the influence of the con-
tainer and foreign dust particles on ice nucleation can be greatly minimized. This
experimental method involving a containerless floating microdroplet offers a well-
controlled means to observe and measure ice nucleation [Du and Liu, 2002].
3.2 Dynamic Light Scattering
In order to measure the size and size distribution of particles, we have applied the
principles of Dynamic Light Scattering (DLS). It is well known that light Scattering
occurs when polarizable particles in a sample are bathed in the oscillating electric
field of a beam of light. The varying field induces oscillating dipoles in the particles
and then the light is radiated in all directions. This principles have been utilized in
many areas of science to determine particle size, molecular weight, shape, diffusion
coefficients, etc.
When a beam of light passes through a colloidal dispersion, the particles or
droplets scatter some of the light in all directions. If the particles are very small
compared with the wavelength of the light, the intensity of the scattered light will
be uniform in all directions. This case corresponds to so-called Rayleigh scatter-
ing. On other hand, because the particles is very large (above approximately 250
nm diameter), the intensity will be angle dependent in the case of so-called Mie
scattering. If the light is coherent and monochromatic, as from a laser for exam-
ple, it is possible to observe time-dependent fluctuations in the scattered intensity
using a suitable detector such as a photomultiplier capable of operating in photon
counting mode.
Indeed, the above mentioned time-dependent fluctuations are caused by that
the particles are small enough to undergo random thermal motion (i.e. Brownian
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motion) and the distance between any two particles varies all times. The time
variation of the scattered intensity can be analyzed by examining the particle
auto-correlation C(τ),
C(τ) = A exp−2Γt+B (3.1)
with
Γ = q−2D (3.2)








where n is the refractive index of the medium, λ is the wavelength of the light and θ
is the scattering angle. Therefore, analysis of the time dependence of the intensity
fluctuations can therefore yield the diffusion coefficient (D) of the particles.
On other hand, according to the Einstein Stokes equation and knowledge of the






where D is the diffusion coefficient, kB is Boltzmann’s constant, T is the temper-
ature in Kelvin, η is the liquid viscosity and d is the particle diameter. Therefore,
the hydrodynamic diameter of the particles can be calculated in term of Eqs.(3.1)-
(3.4).
3.3 Computational Experiment
In the field of the classic atomistic simulation, we are only concerned with atoms,
rather than electrons and sub-atomic particles. The interactions between atoms
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or ions in materials are described by some proper experiential potential. The
structural and thermodynamic properties of materials for the ensemble of interest
are determined from the atomic motion according to Newton’s equation. Due to
the interactions of sub-atoms such as electrons being neglected, on the atomic
level, classical molecular dynamics (MD) simulations can be carried out on large
systems including up to tens of thousands of particles for giving the structural and
thermodynamic information of this system.
The principal idea of ab-initio methods is to regard a poly-atom system as a
many-body system composed of electrons and nuclei, and to treat everything on the
basis of first principles of quantum mechanics, without introducing any empirical
parameters. Hence the theory can be predictive and does not rely on experimental
input.
Density Functional Theory (DFT) [Hohenberg and Kohn, 1964] is a way of sim-
plifying the many-body problem by working with the electronic charge density as
fundamental variable rather than the wavefunction. DFT is based on the fact that
any ground state observable is uniquely determined by the corresponding ground
state density. Therefore the total energy of the system is a unique functional of the
electron density, the minimum value of the total-energy functional is the ground
state energy of the system, and the density that yields this minimum value is the
exact single-particle ground state density. In the practical applications of DFT, the
system of interacting electrons is approximately mapped onto factious system of
non-interacting particles that reproduce the same density as the many-body prob-
lem of interest, the many-electron problem can be replaced by an exactly equivalent
set of self-consistent one-electron equations [Kohn and Sham, 1965]. Hence DFT
offers a powerful and elegant method for the description of ground state proper-
ties of different materials such as metals, semiconductors, insulators, proteins, and
carbon nanotubes.
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3.4 High Performance Particle Sizer
In our experiments, we have used a High Performance Particle Sizer (HPPS) to
measure the size of molecules in solution or the size of particles in dispersion.
The basic principle behind HPPS is dynamic light scattering described in above
section, also known as Photon Correlation Spectroscopy (PCS) or Quasi-Elastic
Light Scattering (QELS). In detail, we have employed the Malvern HPPS (High
performance particle sizer). This experimental setup can measure solution with
the concentration ranging from 0.00001 vol% (0.1ppm) to 20 vol% with a tem-
perature controlled between 10◦C and 90◦C. In addition, only a very small sam-
ple of between 12 µl to 3 µl is required. Moreover, measurements can be made
in conventional disposable plastic or glass cuvettes, eliminating the possibility of
cross-contamination. The HPPS has the highest sensitivity of any dynamic light
scattering (DLS) system available because it uses a patented optical system called
Non-Invasive Back-Scatter (NIBS).
3.5 The Effect of HAP on Ice Nucleation
3.5.1 Introduction to Hydroxylapatite (HAP)
The apatite group of minerals is a diverse class of minerals, which are becoming
increasingly important as likely candidates for use as bio-materials. Hydroxyap-
atite (HAP), a representative mineral of apatites, has more recently increased its
prominence due to its biological role as one of the main constituents of mammalian
bones and teeth enamel [Narasaraju and Phebe, 1996]. As such, hydroxyapatite
may be of great utility in the manufacture of artificial bones, and the applications
in repair, reconstruction, and the replacement of diseases or damaged parts of the
body as an important bioactive ceramic material [Rieger, 1989, Ratner et al., 1996,
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Hench, 1998]. It is also proposed as an environmental adsorbent of metals and as
a catalyst [Matsumura and Moffat, 1996, Toulhoat et al., 1996].
Biological and natural hydroxyapatite has a hexagonal crystal structure with
space group P63/m [Posner et al., 1958], with one formula unit Ca10(PO4)6(OH)2
per unit cell. As represented in Fig. 3.3(a), calcium ions are situated in two
different sites, Ca(1) at site 1 which is coordinated to nine oxygen ions situated in
six different phosphate tetrahedral and Ca(2) at site 2 which is 7-fold coordinated
by six oxygen ions of five phosphate groups and the hydroxyl ion. The Ca(2) ions
are distributed in a hexagonal screw configuration along the c-axes forming tunnels
whose center is occupied by an array of hydroxyl ions. Considering the different
sites at which the Ca and O ions are found, the above formula may be rewritten as
Ca(1)4Ca(2)6[PO(1)O(2)O(3)2]6(OHH)2. The arrangement of these ions on planes
perpendicular to the c-axis is presented in Fig. 3.3(b).
Figure 3.3: (a) Hydroxyapatite Ca10(PO4)6(OH)2 unit cell; (b) schematic representa-
tion of ions stacking order along the c axis.
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Regarding to HAP as important material with applications in medical prosthe-
ses, environmental remediation and catalysis, it is of basic interest and important
for the investigation of hydroxyapatite surface, i.e. in the studies of crystal growth,
interfacial bone/ceramic behavior and interactions between natural bone material
and organic matrices, that we have a good understanding of the sites and inter-
actions of hydroxyl groups on the surfaces of the apatite crystal. The surface
structure and reactivity of the HAP is of direct relevance for these processes. Thus
a computer modeling in the combination of the classical atomic simulation meth-
ods and the advanced DFT methods are employed to study structure and stability
of dehydrated and hydrated HAP surfaces and the effect of surface hydration on
the crystal morphology.
Computational methods are well placed to calculate at the atomic level the ge-
ometry and relative energies of the various possible hydrogen locations in apatite.
The DFT calculations [de Leeuw, 2002] on HAP has identified the oxygen and hy-
drogen positions of the hydroxyl groups in the crystal structure to be well-defined,
and suggested that experimentally found oxygen and hydrogen disorder is due to
the presence in the crystal of differently oriented locally ordered domains. The ab
initio DFT calculations [Rulis et al., 2004] on the electronic structure and bond-
ing in HAP indicated that HAP is a wide band-gap insulator about 5.3 eV and
showed that the HAP crystal is dominated by two sets of structures: a PO4 sub-
lattice with covalently bonding and Ca channels ionicly populated by ion columns
of (OH)−. Limited by the enormous computation cost, the DFT study on the sur-
face of HAP is just starting. The test work on surface energetics of HAP showed
that [Hua and Wu, 2004] the slab model with a thickness of 15.6 A˚ is enough to
obtain meaningful results for DFT calculations and relaxation of the slab surfaces
has an apparent effect on surface energy.
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The structural parameters of HAP are determined using ab-initio DFT calcula-
tion. The DFT calculations on the HAP crystal were done using the pseudopoten-
tial plane wave method implemented in the Vienna ab initio simulation program
(VASP) [Kresse and Hafner, 1993, Kresse and Furthmu¨ller, 1996]. The interaction
between ions and electrons is described by fully nonlocal optimized ultrasoft pseu-
dopotentials [Vanderbilt, 1990, Kresse and Hafner, 1994]. These pseudopotentials
allow a smaller basis set for a given accuracy. The exchange-correlation is treated
at the generalized gradient level [Perdew et al., 1992]. The cutoff energy of plane
waves was set to 500 eV. Brillouin zone sampling for the calculations on the bulk
of HAP was performed using the Monkhost-Pack scheme with a k -point mesh of
2 × 2 × 3. The values of cutoff energy and the k -point grid were determined to
ensure the convergence of total energies to within 0.01%. In order to determine
the lattice parameters and atomic coordinates, the relaxation of cell including the
shape and volume are done, meanwhile, the atoms are allowed to relax until the
Hellmann-Feynman forces on atoms less than 0.001 eV/A˚. For a comparison with
the experimental values of lattice parameters of HAP, our calculated values are
listed in the Table 2.
3.5.2 The Effect of HAP on Ice Nucleation
In order to study the freeze effect of some additives, we have carried out a so-called
double-oil layer micro-sized microscopic crystallization technique to conduct the
ice nucleation of HAP solution. In our experiment, hydroxyapatite was prepared
using the conventional polycrystalline method. 10 Ca(NO3)2 + 6 (NH4)2HPO4 →
Ca10(PO4)6(OH)2. Solutions of Ca(NO3)2 (0.1 M) and (NH4)2HPO4 (0.06 M) in
distilled water were prepared and then mixed. After the pH was adjusted to above
11 with a concentrated NH4OH solution, HAP crystals were formed in the solution.
In our experiment, HAP crystals were added to the water solution as additives.
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Table 3.1: Comparison relaxed lattice constants (A˚), and atomic fractional coordinates
for hydroxyapatite with experimental results.
Lattice parameters
DFT Experimental
a b c a b c
9.575 9.575 6.887 9.432 9.432 6.881
Atomic fractional coordinates
x y z x y z
Ca(1) 0.333 0.667 0.001 0.333 0.667 0.001
Ca(2) 0.251 0.999 0.246 0.246 0.993 0.250
P 0.400 0.370 0.248 0.400 0.369 0.250
O(1) 0.333 0.487 0.248 0.329 0.484 0.250
O(2) 0.588 0.464 0.245 0.589 0.466 0.250
O(3) 0.340 0.257 0.067 0.348 0.259 0.073
OH 0.000 0.000 0.277 0.000 0.000 0.250
H 0.000 0.000 0.419 - - -
It turns out that HAP can strongly enhance wetting between the nucleating ice
and the foreign particles. This can be seen from the increase of m in regions II
and III in Figure 3.4 and Table 3.2. The results given in Figure 3.4 and Table 3.2
show that HAP will also adsorb onto the growing ice nuclei. The adsorption will
suppress the incorporation of water molecules into the ice nuclei so as to inhibit ice
crystallization. This can be seen from the increase in the desolvation kink kinetics
barrier ∆G 6=kink in regions I, II and III in Figure 3.4.
Ice and HAP crystals belong to the same symmetry class and similar space
groups. Therefore it is not surprising that the structure match between the ice nu-
cleating phase and the foreign particles becomes better when HAP crystals adsorb
on the foreign particles or themselves and function as foreign particles. In this
way, HAP crystals behave as an effective ice nucleation promoter. It is noticed
that silver iodide, which is the first identified effective ice nucleator by Vonnegut
in 1947, also has a crystal structure very close to that of ice. All these results and
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Figure 3.4: The correlation between ln(τV ) ∼ 1/(T∆T 2) for HAP solution. The plot
is divided into 5 regions according to the supercooling ∆T .
Table 3.2: The effect of HAP crystals on the interfacial effect parameter and kink
kinetic energy barrier for the nucleation of ice.




Region I DI water (20nm) 1.21×108 0.168±0.0002 − 0.48±0.002
HAP 0.127×108 0.166±0.0002 ↑24.1 0.48±0.002
Region II DI water (20nm) 1.21×108 0.021±0.0002 − 0.83±0.002
HAP 0.127×108 0.0102±0.0002 ↑ 3.2 0.89±0.002
Region III DI water (20nm) 1.21×108 0.012±0.0002 − 0.87±0.002
HAP 0.127×108 0.0053±0.0002 ↑1.2 0.95±0.002
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findings suggest that having similar structure and thus having a lattice match with
ice may be one important criterion to select effective ice nucleation promoters.
3.5.3 Summary
In experimental studies, we have carried out a so-called double-oil layer micro-sized
microscopic crystallization technique to examine the influence of HAP on the ice
nucleation. The results show that there is high match between HAP and ice. In
order to understand the physical and chemical phenomena such as HAP crystal
growth from solution and the dissolution process of HAP, we expect to conduct
the computational modeling study of the structural knowledge of the HAP-water
interface at atomic scale by ab initio calculations. In our preliminary work, the
calculated lattice parameters of HAP are in good agreement with the experimental
values. In next steps, the surface energies of some representative surfaces of HAP
will be investigated from ab-initio DFT calculations, and then the themodynamical
morphologies of HAP crystal will be predicted or understood based on the approach
of Gibbs. Finally, the surface energies of dehydrated and hydrated HAP surfaces
will also be calculated by ab-initio DFT calculations to study the effect of surface
hydration on the HAP crystal morphology.
Chapter 4
The Role of DPPC on Antifreeze Activity
of Antifreeze Proteins
4.1 Introduction to Dipalmitoylphosphatidylcholine
(DPPC)
Phospholipids are the primary lipids of biological membranes which are composed
of assemblies of diverse sets of molecules such as lipids, sterols and proteins. In
most common phospholipids, called phosphoglycerides, as shown in Figure 4.1,
glycerol forms the backbone of the molecule but only two of its binding sites link
to fatty acid residues. The third site links instead to a bridging phosphate group.
The carbon linked to the phosphate group is called the 3-carbon; the carbons
attached to fatty acid residues are the 1 and 2 carbons. The other end of the
phosphate bridge links to another organic subunit, most commonly a nitrogen-
containing alcohol. Other organic subunits that may link at this position include
the amino acids serine and threonine and a sugar, inositol.
Phosphatidylcholine is the most abundant phospholipid class and comprise 80%
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Figure 4.1: The chemical structure of phosphoglycerides.
Figure 4.2: The chemical structure of DPPC.
of the phospholipid fraction. The single disaturated phospholipid 1,2-dipalmitoyl-
sn-glycero-3-Phosphatidylcholine (DPPC) accounts for about one-third or slightly
more of total lung surfactant phospholipid. The chemical structure of DPPC is
shown in Figure 4.2.
About the effect of DPPC on the freezing of water, there are some open ques-
tions. Firstly, the amount of water that remains unfrozen during freezing of phos-
pholipid vesicles is questionable [Bronshteyn and Steponkus, 1993]. In early study,
Chapman et al. reported that [Chapman et al., 1967] 0.25 g of H2O per g of
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DPPC (20 wt%) remains unfrozen after cooling to -100◦C at 10◦C/min. The au-
thors also suggested that the water hydrogen bonded to the polar head groups (of
lipids) is, like that associated with proteins, not freezable [Chapman et al., 1967].
These results are not consistent with subsequent studies, in which ice formation
has been demonstrated in suspensions of DPPC liposomes with an initial wa-
ter concentration significantly less than 20 wt% [Grabielle-Madelmont et al., 1983,
Kodama et al., 1982, Ueda et al., 1986, Bronshteyn and Steponkus, 1993]. Secondly,
most of these studies are focused on the lipid bilayer vesicles or multilamellar vesi-
cles of DPPC. The freezing of water in DPPC vesicles is considered as the bulk wa-
ter freezing, not the micro-sized water droplets. These studies [Kaasgaard et al., 2003]
also argued the thermodynamic mechanism of water freezing in DPPC vesicles,
homogeneous nucleation or heterogeneous nucleation? Therefore, it is of great
importance to examine the effect of DPPC on the freezing of micro-sized water
droplets.
4.2 The Effect of DPPC on Ice Crystallization
According to the heterogeneous nucleation theory [Liu, 2001a], the foreign particles
as an ice nucleation substrate, will scale the nucleation barrier(∆G∗homo) by a factor
f . If the additives adsorb onto the surface of ice nuclei, it will lead to the activa-
tion free energy for kink integration(∆G6=kink) occurring. This free energy barrier
describes the processes including the desorption of adsorbed impurities and solvent
molecules from the surface and the reorientation and conformational adaptation
of structural units to the crystal surface before the incorporation of structural
units [Liu, 2001a]. The activation free energy for kink integration(∆G6=kink) is also
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where ν denotes the vibration frequency of structural units in the neighborhood
of the surface, λ0 is the average distance between two kinks at the surface. As
mentioned in chapter 2, for supercooled ice nucleation, the induction time ts of
nucleation, f , and βkink satisfy the relations described in Eq. 2.28. Since for a
given nucleation system, κ in Eq. 2.28 is constant, one can identify the scaled factor
f and activation free energy for kink integration (∆G6=kink/kT ) from the ln(τV ) ∼
1/(T∆T 2) plot (cf. Eq. 2.28). The slope and intercept of ln(τV ) ∼ 1/(T∆T 2) plot
is related to f and ∆G6=kink/kT , respectively. From these key parameters associated
with the kinetics of ice nucleation, we can identify the effect of additions such as
DPPC and AFPs on the ice nucleations. In Figure 4.3, as an example, we illustrate
the relation between variation of key parameters (m, f(m) and ∆G6=kink/kT ) and the
behavior of additions. The increase of m will lower the interfacial effect parameter
f and the slope of the ln(τV ) ∼ 1/(T∆T 2). This case indicates that the additions
of solution act as nucleation promotion. If the additions of solutions exhibits the
behavior of nucleation inhibition, the kink integration barrier will be increased and
then cause a parallel shift upward.
In our experiments to examine the effect of DPPC on the freezing of water, we
have employed the so-called double oil layer micro-sized crystallization technique
as mentioned in the section 3.1 of chapter 3 to measure the induction time of ice
nucleation. The whole experimental setup has also described in chapter 3. Note
that the water used in the experiments was in a highly pure deionized form (18.2
megohms). In addition, in order to minimize the effect of dust particles, before
the water and oils were injected into the cell, they were filtered twice using 20nm
filters to remove big particles.
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Figure 4.3: (A). Illustration of the effect of m on the nucleation kinetics. The increase
ofm will lower the interfacial effect parameter f and the slope of the ln(τV ) ∼ 1/(T∆T 2)
and vice versa. (B). Illustration of the change in kink kinetics and the corresponding
shift in the ln(τV ) ∼ 1/(T∆T 2) plot. The change in the kink integration barrier will
cause a parallel shift upward or downward, depending on the nucleation inhibition or
promotion. [Liu, 2001a]
Table 4.1: The freezing temperature (for a droplet of constant volume) is dependent
on the number and size of dust particles. Note that the pore size in homogeneous
distribution.
Filter pore size (nm) 200 100 20
Freezing temperature (◦C) −53 −58 −65
Our experiments show that under normal crystallization conditions, it is almost
impossible to eliminate the influence of dust particles. This is evidenced by the
fact that the freezing temperature (for a constant droplet volume) decreases pro-
gressively as the pore size of the filters is decreased progressively from 200 to 100
to 20 nm (see Table 4.1). This implies that the effect of the dust particles on ice
crystallization is inevitable and should be taken into account in our discussion.
In our experiment, DPPC powder were added to the deionized water as addi-
tives. When DPPC molecules adsorb on these substrates (foreign particles), the
interaction and the structure match between foreign particles and the nucleating
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phase will be significantly altered. As mentioned before, this adsorption on the
substrate (dust particles) and the impact on nucleation can be quantified from the
ln(τV ) ∼ 1/(T∆T 2) plot. For this experiment, the plots of deionized water with-
out DPPC and with DPPC are shown in Figure 4.4. The slopes and intercepts
resulting from the linear regression for these systems are listed in Table 4.2. It
follows that ice nucleation is inhibited by DPPC (longer induction time) in our
experiment. These two effects can be quantified by the change of the slopes and
the intercepts compared with the deionized water within the range of supercool-
ings. The adsorption of DPPC molecules on foreign particles turns out to strongly
disturb the structural match between the nucleating ice and the dust particles.
This can be identified from the variation of m (or f(m)), which decreases from
0.55 to 0.42 and the enhancement of the nucleation barrier by a factor 0.201. The
results given in Figure 4.4 and Table 4.2 show that DPPC will also adsorb onto
the growing ice nuclei. The adsorption will suppress the incorporation of water
molecules into the ice nuclei so as to inhibit ice crystallization. This can be seen
from the increases in the desolvation kink kinetics barrier ∆G6=kink by a factor of
5.77.
Table 4.2: The effect of DPPC on the interfacial effect parameter and kink kinetic
energy barrier for the nucleation of ice.




Region I DI water (20nm) 1.14×108 0.127±0.0002 − 0.55±0.001
DPPC 0.49×108 0.201±0.0002 ↑5.77 0.42±0.001
Region II DI water (20nm) 1.14×108 0.021±0.0002 − 0.83±0.001
DPPC 0.49×108 0.072±0.0002 ↓2.28 0.67±0.001
Region III DI water (20nm) 1.14×108 0.011±0.0002 − 0.88±0.001
DPPC 0.49×108 0.045±0.0002 ↓2.31 0.74±0.001
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Figure 4.4: The effect of DPPC on the ice nucleation kinetics and the corresponding
shift in the ln(τV ) ∼ 1/(T∆T 2) plot.
4.3 The Effect of DPPC on the Antifreeze Ac-
tivity of AFP III
In order to examine the effect of DPPC on the antifreeze activity of AFP III, DPPC
powder was added to the deionized water with AFP III. In other word, we have
studied the nucleation of deionized water without any additives, deionized water
with AFP III, and deionized water with AFP III and DPPC. The corresponding
ln(τV ) ∼ 1/(T∆T 2) plots of each systems are shown in Figure 4.5. At the same
time, the related f , m, and ∆Gkink are also determined and given in Table 4.3.
As mentioned in chapter 1, the ice nucleation inhibition due to the additions of
antifreeze protein type III has been observed in the ”micro-sized ice nucleation”
experiments [Du et al., 2003]. This experiment has been reported that antifreeze
proteins can inhibit the ice nucleation process by adsorbing onto both the surfaces
of ice nuclei and dust particles, and therefore this adsorption leads to an increase
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Figure 4.5: The effect of DPPC on the antifreeze activity of AFP III and the corre-
sponding shift in the ln(τV ) ∼ 1/(T∆T 2) plot.
Table 4.3: The effect of DPPC on the interfacial effect parameter and kink kinetic
energy barrier for the antifreeze activity of AFP III.




Region I DI water (20nm) 1.14×108 0.127±0.0002 − 0.55±0.002
AFPIII (0.5 mg/ml) 0.39×108 0.35±0.0002 ↑13.7 0.20±0.002
AFPIII+DPPC 0.53×108 0.084±0.0002 ↑21.88 0.64±0.002
Region II DI water (20nm) 1.14×108 0.021±0.0002 − 0.83±0.002
AFPIII+DPPC 0.53×108 0.035±0.0002 ↑0.92 0.78±0.002
Region III DI water (20nm) 1.14×108 0.011±0.0002 − 0.88±0.002
AFPIII+DPPC 0.53×108 0.083±0.0002 ↓7.18 0.65±0.002
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of the ice nucleation barrier and the desolvation kink kinetics barrier, respectively.
Similar phenomena has also observed in the nucleation of deionized water with
AFP III in our experiment. It turns out that DPPC as a template strongly enhance
structural match between the nucleating ice and AFP III molecule. This can be
seen from the increase of m in region I in Figure 4.5 and Table 4.3. After the
DPPC is added to the system of deionized water with AFP III, the m is increased
three times (from 0.20 to 0.64). The corresponding f is decreased about four
times (from 0.35 to 0.08). The results given in Figure 4.5 and Table 4.3 show that
DPPC molecule will also adsorb onto the growing ice nuclei. The adsorption will
suppress the incorporation of water molecules into the ice nuclei so as to inhibit ice
crystallization. This can be seen from the increase in the desolvation kink kinetics
barrier ∆G6=kink in region I in Figure 4.5. After the DPPC is added to the system
of deionized water with AFP III, the desolvation kink kinetics barrier ∆G6=kink is
increased from 13.7 kT to 21.8 kT . Because at relatively low supercoolings the
interfacial effect is so dominant that it surpasses the increase of the kink kinetics
barrier, and results in the observed promotion effect of DPPC on the ice nucleation
with AFP III at relatively low supercooling. The role of DPPC on the antifreeze
activity of AFP III can be understood in Figure 4.6. DPPC as a template between
AFP III molecule and ice, theorefore it enhances the interfacial matching between
AFP III molecule and ice.
4.4 The Effect of DPPC on the Antifreeze Ac-
tivity of AFP I
In order to examine the effect of DPPC on the antifreeze activity of AFP I, DPPC
powder was added to the deionized water with AFP I. In other word, we have
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Figure 4.6: Illustration of DPPC as a template between AFP III molecules and ice.
DPPC ehances the interface mathcing of AFP III and ice
studied the nucleation of deionized water without any additives, deionized wa-
ter with AFP I, and deionized water with AFP I and DPPC. The corresponding
ln(τV ) ∼ 1/(T∆T 2) plots of each systems are shown in Figure 4.7. At the same
time, the related f , m, and ∆Gkink are also determined and given in Table 4.4.
About the effect of AFP I on the ice nucleation, we have observed the similar
phenomena reported in recent experiment [Du et al., 2003]. AFP I can inhibit the
ice nucleation process by adsorbing onto both the surfaces of ice nuclei and dust
particles, and therefore this adsorption leads to an increase of the ice nucleation
barrier and of the desolvation kink kinetics barrier, respectively [Du et al., 2003].
At relatively high supercoolings, the additives of DPPC as a template strongly
enhance structural match between the nucleating ice and AFP I molecule. This
can be seen from the increase ofm in region II in Figure 4.7 and Table 4.4. After the
DPPC is added to the system of deionized water with AFP I, the m is increased
from 0.63 to 0.74. The corresponding f is decreased from 0.089 to 0.047. The
results given in Figure 4.7 and Table 4.4 show that DPPC molecule will also adsorb
onto the growing ice nuclei. The adsorption will suppress the incorporation of
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Figure 4.7: The effect of DPPC on the antifreeze activity of AFP I and the correspond-
ing shift in the ln(τV ) ∼ 1/(T∆T 2) plot.
Table 4.4: The effect of DPPC on the interfacial effect parameter and kink kinetic
energy barrier for the antifreeze activity of AFP I.




Region I DI water (20nm) 1.14×108 0.127±0.0002 − 0.55±0.002
AFP I (0.5 mg/ml) 0.25×108 0.23±0.0002 ↑24.27 0.38±0.002
AFP I + DPPC 0.25×108 0.29±0.0002 ↑17.74 0.29±0.002
Region II DI water (20nm) 1.14×108 0.021±0.0002 − 0.83±0.002
AFP I 0.25×108 0.089±0.0002 ↑1.98 0.63±0.002
AFP I + DPPC 0.25×108 0.047±0.0002 ↑2.18 0.74±0.002
Region III DI water (20nm) 1.14×108 0.011±0.0002 − 0.88±0.002
AFP I 0.25×108 0.038±0.0002 ↑0.74 0.77±0.002
AFP I + DPPC 0.25×108 0.036±0.0002 ↓0.4 0.77±0.002
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water molecules into the ice nuclei so as to inhibit ice crystallization. This can be
seen from the increase in the desolvation kink kinetics barrier G6=kink in region II in
Figure 4.7. After the DPPC is added to the system of deionized water with AFP
I, the desolvation kink kinetics barrier G6=kink is increased from 1.98 kT to 2.18 kT .
Because at relatively high supercoolings the interfacial effect is so dominant that
it surpasses the increase of the kink kinetics barrier, and results in the observed
promotion effect of DPPC on the ice nucleation with AFP I at relatively high
supercooling.
4.5 Summary
By using ”double oil layer micro-sized crystallization” experimental techniques(see
Figure 3.1), we have examined the nucleation of deionized water with additives
of DPPC molecule, compared with the nucleation of AFP I/III solution with the
additives of DPPC molecule. The experimental data obtained through nucleation
kinetic have provided results to quantitatively explain the observed ice nucleation.
The inhibition effect of DPPC on ice nucleation at relatively low supercools is
caused by the adsorption of DPPC both on the substrate and the growing ice
nuclei. Therefore this adsorption leads to an increase of the ice nucleation barrier
and the desolvation kink kinetics barrier, respectively.
We have found that DPPC decreases the inhibition effect of AFP I/III on ice
nucleation if DPPC is added to the AFP I/III solution. This role of DPPC on
antifreeze activity of AFP I/III is caused by the template effect(Figure 4.6) of
DPPC which enhances the structural match between AFP molecule and ice nuclei.
In addition, because the interfacial matching of DPPC domains the ice nucleation,
the additive of DPPC into AFP I/III solutions lowers the ice nucleation barrier.
Chapter 5
Conclusions
In this thesis, we employ a newly developed micro-sized ice nucleation method, i.e,
so-called double oil layer micro-sized crystallization technique, to examine the ice
nucleation in a micro-sized water droplet with different additives. This experimen-
tal method allows us greatly reduce the influence of the container and the foreign
dust particles on ice nucleation. Because the water in ecological and biological sys-
tems mostly occurs in the form of micro-sized water droplets, this method would
also allow us effectively simulate and study the ice nucleation in these systems.
Combining the newly developed heterogeneous nucleation theory, the effect of for-
eign particles on the ice nucleations is well studied by the quantitative analysis of
the nucleation kinetics.
Using this ”micro-sized ice nucleation method” and based on the heterogeneous
nucleation theory, the inhibition effect of disaturated phospholipid 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC) on ice crystallization were examined quanti-
tatively. It was found that DPPC can inhibit the ice nucleation process by adsorb-
ing onto both the surfaces of the ice nuclei and the dust particles. The adsorption
of DPPC on foreign particles will disturb the structural match between the nucleat-
ing ice and the dust particles, whereas the adsorption on the surface of the growing
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ice will inhibit the integration of water molecules into the ice lattice. These two
effects can be identified from the increase of the ice nucleation barrier and of the
desolvation kinetics barrier.
The inhibition effect of AFP I and AFP III molecules on ice nucleation has
been reported in recent experimental studies [Du et al., 2003]. We have observed
the similar phenomena. However, if DPPC is added the AFP I solution, DPPC
molecule will decrease the antifreeze activity of AFP I at relatively high supercools.
If DPPC is added to the AFP III solution, DPPC molecule will also decrease
the antifreeze activity of AFP III at relatively low supercools. These effects of
DPPC on the antifreeze activity of AFP I/III is caused by DPPC molecule as a
template enhances the structural match between AFP molecule and the nucleating
ice. Therefore it changes the interfacial correlations and lowers the ice nucleation
barriers. DPPC molecule may adsorb on the surface of growing ice nuclei and
lead to an increase of desolvation kink barrier. Because the interfacial effect is so
dominant that it surpasses the increase of the kink kinetics barrier, and results in
the observed promotion effect of DPPC on the ice nucleation with AFP I/III.
In summary, the principles of freezing depression of DPPC in biological ice
nucleation and role of DPPC in the antifreeze activity of AFP I/III are obtained
in this thesis.
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